The WAVE proteins are members of the Wiskott-Aldrich syndrome protein (WASp) family, and promote Arp2/3-dependent actin polymerization downstream of Rho-GTPase activation. The Abelson interacting protein-1 (Abi-1) forms the core of the WAVE2 complex and is necessary for proper stimulation of WAVE2 activity. Here we show that the Abl tyrosine kinase interacts with the WAVE2 complex and that Abl kinase activity facilitates interaction between Abl and WAVE2 complex members. We characterize various interactions between Abl and members of the WAVE2 complex and reveal that Abi-1 promotes interaction between Abl and WAVE2 members. We demonstrate that Abl-dependent phosphorylation of WAVE2 is necessary for its activation in vivo, which is highlighted by the findings that RNA interference of WAVE2 expression in Abl/Arg-/-cells has no additive effect on the amount of membrane ruffling. Furthermore, Abl phosphorylates WAVE2 on tyrosine 150, and WAVE2 deficient cells rescued with a Y150F mutant fail to regain their ability to ruffle and form microspikes, unlike cells rescued with wild type WAVE2. Together, these data show that c-Abl activates WAVE2 via tyrosine phosphorylation to promote actin remodeling in vivo, and that Abi-1 forms the crucial link between these two factors.
polymerization and depolymerization facilitate changes in the cytoskeleton necessary for formation of lamellipodia and filopodia, thus permitting the cell to explore and navigate in response to stimuli (1) . Among the regulatory factors governing actin dynamics, members of the Wiscott-Aldrich syndrome protein (WASp) family have been identified as important contributors, as they form the nucleation complex of Rho GTPase-mediated actin polymerization (2, 3, 4) . This family consists of WASp, expressed exclusively in hemopoeitic cells, ubiquitously expressed N (neural)-WASp, and in mammalian cells, the three WAVE/SCAR isoforms, WAVEs 1, 2, and 3. Each of these proteins contains a Cterminal verprolin homology/connecting region/acidic domain that binds monomeric actin and the Arp 2/3 complex, and a proline rich region that mediates binding to various SH3-adaptor proteins and tyrosine kinases (5, 6) . The WAVE proteins differ from the WASp members at the N-terminus, which contains a SCAR/WAVE homology domain (WHD) in place of the EVH1/WH1 domain, and lack the GTPase binding domain (GBD) necessary for interaction with cdc42 and Rac (7, 8, 9) .
The importance of WAVE-mediated actin polymerization is highlighted by deficient lamellipodia and membrane ruffling in cells lacking WAVE expression, and by embryonic lethality associated with impaired endothelial cell migration in WAVE2 knockout mice (10) . While WASP regulation appears to be regulated by autoinhibitory interactions that are relieved upon tyrosine phosphorylation and cdc42 binding in response to stimuli (11) , there is some debate regarding the regulation of WAVE activity. The initial mechanism of regulation of WAVE-induced actin nucleation posited that Rac and Nck caused disassociation of the WAVE complex, releasing active WAVE and leading to actin polymerization (12) . However, recent studies suggest that proper assembly and maintenance of the WAVE complex is necessary for WAVE-mediated actin nucleation (13) . The architecture of the WAVE2 complex has been characterized and found to contain Nck-associated protein 125 (Nap1), HSPC300, p53-inducible PIR121, and the Abelson interacting protein (Abi-1), which comprises the core of the complex (12, 13, 14) . Among these proteins, Abi-1 was found to be essential for the formation and activation of the WAVE complex, as it orchestrates proper assembly and subsequent actin nucleation (13, 14) .
The binding partner of Abi-1, the Abl tyrosine kinase, has also been implicated in cytoskeletal events, as cells lacking Abl expression also show an impaired ruffling response to growth factors (15) . c-Abl has been found to modulate the cytoskeleton in cell spreading and neurite extension, and localizes to specific F-actin structures, such as focal adhesions, lamellipodia, and membrane ruffles (16, 17) . Abl-mediated phosphorylation of Mena is greatly enhanced by Abi-1, possibly affecting cell migration and/or adhesion, and both Abl and Abi-1 localize to the cell periphery upon growth factor stimulation (18) . It is therefore reasonable to associate c-Abl and WAVErelated functions in the context of Abi-1 expression, since molecular and cellular data suggest such a relationship. Despite these and other findings, little is known about the biochemical pathways of how c-Abl influences actin remodeling.
In order to further elucidate the role of c-Abl in cytoskeletal-related events, we analyzed cell lines stably expressing kinase active c-Abl by mass spectrometry. This analysis revealed that c-Abl interacts with components of the WAVE2 complex and that some of these interactions are promoted by Abi-1. We also show that Abi-1 promotes Abl-mediated tyrosine phosphorylation and activation of WAVE2 necessary for membrane ruffling and cell spreading. Together, our data provides in vivo evidence of c-Abl activation of the WAVE2 signaling complex to modulate the cytoskeleton.
EXPERIMENTAL PROCEDURES
Cells, Cell Culture, and Treatments. Human 293, 293TREX inducible lines, and murine embryonic fibroblasts (MEFs) were grown in DMEM supplemented with 10% heat-inactivated fetal bovine serum (FBS), 100U penicillin per ml, 100µg streptomycin per ml, and 2mM L-glutamine. Murine 3T3 fibroblasts (Abl/Arg null, WAVE2 KO) were maintained in the same conditions except that 10% calf serum was used. Inducible 293 cells were treated with 1 µg /mL tetracycline for indicated time points to induce c-Abl expression.
Prior to stimulation with 30ng/mL PDGF, cells were maintained in 0.5% serum-containing media for 24 hours.
Affinity Purification and Mass Spectrometric Analysis of Inducible c-Abl
Expression Cells. Cells were induced to express c-Abl for the indicated time points and approximately 3mg of protein was affinity purified using M2 anti-Flag conjugated agarose beads (Sigma). Affinity purifications were run on SDS-PAGE, stained with Coomassie Blue, and protein bands were excised and digested with trypsin for analysis by mass spectrometry (Dana Farber Cancer Institute, Harvard Medical School).
Retroviral Infection and RNA Interference of WAVE2 Expression in 3T3
Fibroblasts. Phoenix Amphoteric cells were transfected with a retroviral vector (pQCXIH) expressing WAVE2 or WAVE2 Y150F, pCGgag-pol, and pCG-VSVG, by the calciumphosphate method as described previously (19) . Retroviral supernatant was harvested 48 h after transfection and 3T3 fibroblasts were infected by incubation with retroviral supernatants and polybrene (4 µg /ml) for 24 h followed by selection in hygromycincontaining medium (200 µg/ml) for 5 days. 3T3 fibroblasts and Abl/Arg null fibroblasts were targeted for RNAi using the pSuper method (Oligoengine) and selected using puromycin-containing medium (2.5µg/mL). 
RESULTS

c-Abl interacts with the WAVE2
signaling complex. In order to identify novel substrates and/or binding partners of c-Abl, we created c-Abl-expressing cells whose expression could be induced by tetracycline treatment (20) . We induced c-Abl expression for 24 hours and affinity purified c-Abl complexes for subsequent mass spectrometry analysis. Among the novel proteins identified from mass spectrometry analysis were components of the WAVE2 signaling complex (Table 1) . We obtained antibodies for each protein in the WAVE2 complex and tested their ability to bind c-Abl after 24 hours of induction. Consistent with our initial results, each component of the WAVE2 signaling complex identified was found to affinity purify with c-Abl ( Figure 1A ). Further characterization of the interactions between c-Abl and WAVE2. In order to elucidate the possible significance of the interaction between c-Abl and WAVE2 complex members, we performed various experiments to map the regions of interaction between c-Abl and WAVE2 members. Since Abi-1 has been documented to interact with both c-Abl and Nap1 (22), we decided to investigate the interactions between these three proteins when co-expressed. Deletion constructs of Nap1 were created and coexpressed with GFP-tagged c-Abl in the presence or absence of Abi-1. This experiment revealed that Abi-1 promoted the interaction between c-Abl and Nap1 ( Figure  2A , compare lanes 1 and 2). Moreover, deletion analysis showed that the same region of Nap1 was necessary for its interaction with both Abl and Abi-1 (Figure 2A , compare HA and GFP blots in IP samples), supporting its previously attributed role as a protein scaffold. We next sought to map the interaction domains between c-Abl and WAVE2. WAVE2 deletion constructs expressing the WHD, polyproline, and VCA domains alone or in combination were created and coexpressed with GFP c-Abl in the presence or absence of Abi-1 expression. Similar to Nap1, Abi-1 promoted interaction between Abl and WAVE2 ( Figure 2B, compare lanes 1 and 2) . In addition, only WAVE2 constructs lacking the polyproline (PP) failed to interact with cAbl in IP experiments ( Figure 2B, lanes 3 and  4) . Lastly, in the presence of c-Abl expression, the WHD region of WAVE2 seemed to be necessary to bind Abi-1 ( Figure  2B . HA blot in IP samples).
The fact that the polyproline region of WAVE2 was necessary for c-Abl binding suggested that WAVE2 might bind the SH3 domain of c-Abl. To confirm this, we coexpressed c-Abl deletion constructs with GFP tagged WAVE2 in the presence or absence of Abi-1 expression. Again, Abi-1 seemed to increase the affinity between c-Abl and WAVE2 ( Figure 2C , compare lanes 1 and 2). As expected, WAVE2 was present in IP samples of SH3-containing deletion constructs, whereas deletion constructs lacking the Abl SH3 domain did not bind WAVE2 ( Figure 2C ). This strongly suggested that binding between c-Abl and WAVE2 was mediated by SH3/polyproline interactions. The Nap1 and WAVE2 deletion constructs and a summary of their interactions with c-Abl and Abi-1 are provided in Figure 2D .
Abi-1 promotes interaction between cAbl and WAVE2 members, and enhances Ablmediated tyrosine phosphorylation of WAVE2.
Prior studies indicated that Abi-1 forms the core of the WAVE2 complex and is needed for proper WAVE2 activation. Since our previous data suggested that binding between c-Abl, WAVE2, and Nap1 was increased in the presence of Abi-1, we asked whether Abi-1 mediates any of the interactions between cAbl and WAVE2 members. Co-transfection of GFP Abl with flag Nap1, WAVE2 or PIR121 in the presence or absence of HA Abi-1 revealed that Abi-1 greatly enhanced binding of c-Abl to Nap1 and WAVE2, and only slightly to PIR121 ( Figure 3A , compare lanes 1-2; 3-4; 5-6).
Abi-1 also coprecipitated with WAVE2 and Nap1 in the presence of c-Abl kinase activity, but not with PIR121 ( Figure 3A, lanes 2, 4, 6 ). To explore this further, we asked whether c-Abl kinase activity could enhance binding between members of the WAVE2 complex. GFPtagged wild-type Abl (WT) or a kinase defective mutant (KR) was co-transfected with flag WAVE2, Nap1, or PIR121 in the presence of HA Abi-1. Expression of wild type but not Abl KR resulted in a dramatic shift in Abi-1 mobility, suggesting multiple tyrosine phosphorylations ( Figure 3B , lanes 1-2; 5-6). Abl kinase activity facilitated its own binding to WAVE2 complex members, as we observed in the initial affinity purifications, but did not promote Abi-1 binding to these proteins, with the possible exception of PIR121 ( Figure 3B, HA blot) .
Instead, immunoblotting of WAVE2 precipitates revealed that Abl-mediated tyrosine phosphorylation of WAVE2 was greatly enhanced in the presence of Abi-1 ( Figure 3C,  lanes 1 and 2) . Upon analyzing the protein sequence of WAVE2, a favorable motif (YXXP) for Abl-mediated phosphorylation was found at tyrosine 150. Mutation of this tyrosine to phenylalanine (Y150F) almost abrogated Abl-mediated tyrosine phosphorylation of WAVE2, whereas wildtype WAVE2 or mutation at tyrosine 242 exhibited high levels of Abl-mediated tyrosine phosphorylation ( Figure 3C ; compare lanes 3-4; 5-6).
We followed this analysis by examining endogenous tyrosine phosphorylation of WAVE2 in normal and Abl/Arg deficient fibroblasts after PDGF stimulation.
As expected, WAVE2 immunoprecipitates from Abl/Arg -/-cells showed no tyrosine phosphorylation as a result of PDGF stimulation in contrast to wild-type cells, which exhibited endogenous WAVE2 tyrosine phosphorylation ( Figure 3D ).
c-Abl activates WAVE2 to promote membrane ruffling and cell spreading. Both c-Abl and WAVE2-deficient cells exhibit cytoskeletal defects, such as altered motility and attenuated membrane ruffling in response to growth factors. Since our biochemical data indicated a relationship between c-Abl kinase activity and the WAVE2 complex, we asked whether c-Abl alters WAVE2 activity in a manner that can be measured in vivo. To test this, we measured the amount of membrane ruffling in cells lacking Abl expression and/or components of the WAVE2 complex after PDGF stimulation. We created stable wildtype and Abl -/-fibroblasts lacking WAVE2 expression using RNA interference (RNAi) and verified abrogation of target gene expression ( Figures 4A, B) . We then assessed membrane ruffling in these cell types after PDGF stimulation. After PDGF treatment, dark phalloidin staining is readily apparent at the edges of 3T3 empty vector cells, indicating the presence of membrane ruffles ( Figure 4C ). In contrast, membrane ruffling is less prevalent in cells targeted for RNA interference of WAVE2 ( Figure 4C ). Quantitative analysis of membrane ruffling showed that WAVE2-deficient cells exhibited approximately 3-to 4-fold less membrane ruffles than empty vector control cells ( Figure  4D ). Unlike cells expressing wild type Abl, WAVE2 abrogation has no additional effect on the amount of membrane ruffling in Abl/Arg -/-cells after PDGF stimulation ( Figures 4C, D) , indicating that WAVE2 is epistatic to Abl. This supports the claim that c-Abl and WAVE2 lie on the same activation pathway in response to growth factors.
To confirm that c-Abl-mediated tyrosine phosphorylation of WAVE2 contributes to its activation in vivo, we retrovirally expressed wild type or phosphomutant WAVE2 in WAVE2 knockout cells (WAVE2 KO) ( Figure 5A ). WAVE2 KO cells reconstituted with wild type WAVE2 display the rescued phenotype and exhibit normal membrane ruffle morphology and increased percentage of lamellipodia in the quiescent state and after PDGF stimulation. However, WAVE2 Y150F expression failed to rescue membrane ruffling in WAVE2 KO cells. (Figure 5B, C) . We conclude that Abl phosphorylation of WAVE2 at tyrosine 150 at least in part mediates the membrane ruffling response to PDGF treatment and explains the defective phenotypes in Abl and WAVE2 deficient cells.
To further define the role of c-Abl activation of WAVE2, we examined microspike formation during cell attachment to fibronectin, a cellular process partially mediated by c-Abl kinase activity (17) . Compared to wild-type 3T3 fibroblasts, Abl/Arg -/-and WAVE2 KO cells exhibit deficient microspike formation when plated on fibronectin ( Figure 6A) . Treatment of the Abl inhibitor STI-571 also attenuated microspike formation similar to Abl and WAVE2 abrogation, and had no additive effect in WAVE2 KO cells ( Figure 6A [bottom panels], Figure 6B ), further suggesting that they lie on the same pathway. Significantly, retroviral expression of WAVE2 but not WAVE2 Y150F rescued deficient microspike formation in WAVE2 KO cells ( Figure 6A [bottom  panels] ). Quantitative analysis revealed that these cells exhibit approximately 30% less microspike formation as compared to wildtype cells ( Figure 6B ).
DISCUSSION
Cytoskeletal remodeling in response to extracellular cues depends on numerous proteins and signaling cascades. The Rho family GTPases, consisting primarily of Rac, RhoA, and Cdc42, have been shown to act as regulators of actin assembly essential for lamellipodia and filopodia formation by functioning upstream of the WAVE proteins and stimulating their actin nucleating ability (23) . In this study, we identify a pathway of WAVE2 activation separate from the Rho family that contributes to actin remodeling in vivo. The Abl tyrosine kinase was found to interact with components of the WAVE signaling complex, and some of these interactions were greatly enhanced by the presence of Abi-1. Expression of wild-type cAbl promoted interaction with WAVE2 components in our inducible cells, which display high levels of c-Abl kinase activity (20) . Not only did Nap1, PIR121, and WAVE2 co-immuniprecipiate abundantly with kinase active Abl, but treatment of WT fibroblasts with STI-571, which inhibits the kinase activity of both Abl and PDGF, impeded binding of WAVE2 complex members to c-Abl. It should also be noted that after c-Abl expression is induced in our system, we observed co-localization between Abl, WAVE, and Abi-1 at the cell periphery (data not shown) -presumably where actin assembly occurs in response to extracellular factors.
Our experiments revealed that Abi-1 promotes binding of Abl to Nap1 and WAVE2. We also found that the same region of Nap1 that mediates binding to c-Abl also binds Abi-1 (Figure 2A ). This suggests that Nap1 may serve as a scaffold to link Abi-1 and c-Abl in close proximity with WAVE2 and associated members. Very little is known regarding the structure of Nap1, and how it functions in the context of the WAVE signaling complex.
Preliminary reports suggest that it may function as a scaffold for proper organization of the WAVE complex (14) , which is consistent with our data. Together, Abi-1 and Nap1 may maximize Abl kinase activity, resulting in WAVE2 phosphorylation and subsequent activation. We propose a model in which Abi-1 interaction with Abl promotes its kinase activity while providing a link to the scaffold protein Nap1 and WAVE2. This sets the stage for Abl-mediated tyrosine phosphorylation of WAVE2 that is necessary for its activation. Although PIR121 was pulled down with Abl in our inducible lines and endogenous purifications, it did not seem to play a role in Abi-1 or Abl-mediated WAVE2 complex assembly.
Previous reports indicate that PIR121 interacts directly with Nap1 and not Abi-1 (14) , and it could serve as an additional scaffold protein that may or may not be necessary for WAVE2 activation. We have observed Abl-mediated phosphorylation of PIR121 in vivo (data not shown), which may promote association with Nap1 to form the complete scaffold. Abl can also phosphorylate Abi-1 ( Figures 2C, 3B ) and our data reveals that this phosphorylation enhances the interaction between Abl and Abi-1 (Data not shown).
Abi-1 promoted Abl-dependent tyrosine phosphorylation of WAVE2 necessary for its activation in vivo. This is consistent with the role of Abi-1 as a phospholigand activator of Abl reported elsewhere (18, 24) . Although Abl-mediated WAVE2 phosphorylation contributes to membrane ruffling and cell spreading, the functional significance of Abl interaction with the other components of the WAVE2 complex remains unclear. We have observed Ablmediated tyrosine phosphorylation of each WAVE2 component in vivo (data not shown), which may promote repositioning of the complex for efficient WAVE2 activation. An alternative hypothesis is that Abl-mediated phosphorylation and subsequent ubiquitination of WAVE2 in the presence of ArgBP2 promotes degradation of members of the WAVE complex, thus relieving the autoinhibitory effect of the WAVE complex proposed by others (12, 25) . However, initial experiments performed in our laboratory indicate that c-Abl kinase activation has no effect on the stability of WAVE2 complex members (data not shown).
The C-terminus of Abl contains binding regions for filamentous (F) and monomeric (G) actin, and actin binding has been shown to suppress c-Abl kinase activity, thus potentially forming a regulatory feedback mechanism in the process of Abl-dependent actin remodeling (26) . It is possible that the interaction between members of the WAVE complex and c-Abl provide the molecular basis of this phenomenon, which is currently unknown.
The recently resolved crystal structure of the c-Abl F-actin binding domain (FABD) has revealed that the nuclear export signal (NES) of c-Abl, previously thought to mediate cytoplasmic distribution of the protein, is inactive. Instead, mutation of the FABD, which overlaps the NES, was found to largely be responsible for cytoplasmic localization of c-Abl (27) . It is possible that the macromolecular complex of c-Abl, WAVE2 members, and actin contribute to Abl location in the cell and couple its functions to its localization and activity.
WASp and WAVE1 have previously been reported to bind the kinase and polyproline domains of c-Abl respectively (4, 28) , and the former case, this interaction has been sufficient to suppress the kinase activity of c-Abl in vitro. Our finding that the SH3 domain of c-Abl interacts with the polyproline domain of WAVE2 ( Figures 2B, C) is consistent with this data and could provide a novel mechanism of c-Abl regulation. Alternatively, this interaction may only contribute to Abl-mediated phosphorylation of WAVE2.
Leng et. al. (29) has previously reported that Abl-mediated phosphorylation of WAVE2 leads to actin polymerization in vitro. We have extended those findings of to show that Abl-mediated phosphorylation of WAVE2 on tyrosine 150 leads to discernable in vivo cellular effects previously attributed to c-Abl and WAVE2 function. We have also shown that Abi-1 recruits Abl to the WAVE2 complex, whereas Abl kinase activity is dispensable for Abi-1 association with WAVE2 members. Our data is consistent with a recent report showing that Abi-1 and WAVE are critical for Rac-dependent membrane protrusion and other actin-related processes (30) . The cellular processes of membrane ruffling and cell spreading are dependent on the rapid assembly and disassembly of filamentous actin.
We observed that the absence of Abl kinase activity and WAVE2 expression had no additive effect in the process of membrane ruffling or cell spreading. These results indicate that these two proteins lie on the same pathway of actin remodeling, and that c-Abl may act upstream of WAVE2.
It is interesting that c-Abl acts on WAVE2 directly to promote cytoskeletal remodeling, since Abl also acts upstream of Rac by promoting tyrosine phosphorylation of the guanine exchange factor Sos-1 (31). We have found that Abl can bind all WAVE isoforms (data not shown), and it is possible that Abl might also influence the WAVE1/Abi-2 complex. c-Abl thus likely acts at several axes to promote cytoskeletal remodeling in response to growth stimulation. An immediate question worth investigating is whether the dysregulated BCR-ABL kinase may result in WAVE2 modification and/or altered function and therefore provide a molecular basis for chronic myelogenous leukemia (CML) pathology.
Together, our study has revealed that WAVE2 is an effector of the c-Abl kinase to affect cytoskeletal remodeling in vivo, and that Abi-1 forms a crucial link between c-Abl and the WAVE2 complex.
Future studies investigating a possible reciprocal relationship between these players may reveal novel insights into the regulation of c-Abl and how stimulatory signals are coupled to cytoskeletal remodeling. 
